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The thyroid gland synthesizes thyroxine (T4), which passes through the larval tadpole’s circulatory system. The enzyme type II
iodothyronine deiodinase (D2) converts thyroxine (T4) to the active hormone 3,5,3V-triiodothyronine (T3) in peripheral tissues. An early
response to thyroid hormone (TH) in the Xenopus laevis tadpole is the stimulation of cell division in cells that line the brain ventricles, the
lumen of the spinal cord, and the limb buds. These cells express constitutively high levels of D2 mRNA. Exogenous T4 induces early DNA
synthesis in brain, spinal cord, and limb buds as efficiently as T3. The deiodinase inhibitor iopanoic acid blocks T4- but not T3-induced cell
division. At metamorphic climax, both TH-induced cell division and D2 expression decrease in the brain. Then D2 expression appears in
late-responding tissues including the anterior pituitary, the intestine, and the tail where cell division is reduced or absent. Therefore,
constitutive expression of D2 occurs in the earliest target tissues of TH that will grow and differentiate, while TH-induced expression of D2
takes place in late-responding tissues that will remodel or die. This pattern of constitutive and induced D2 expression contributes to the
timing of metamorphic changes in these tissues.
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The concentration of thyroid hormone (TH) controls the
sequential changes that occur during amphibian metamor-
phosis. In Xenopus laevis, the thyroid gland begins to fix
iodine shortly after feeding (NF stage 46, unpublished
data). The endogenous concentration of TH rises to a peak
at metamorphic climax (NF stages 60 to 63) and then falls
to a lower but measurable level in the juvenile frog
(Leloup and Buscaglia, 1977). One TH-induced response
that occurs during the period called premetamorphosis
(between stages 50 and 56) is cell proliferation in the
limb bud, spinal cord, and the brain (Dodd and Dodd,
1976; Kollros, 1981; Schreiber et al., 2001). The final
changes of metamorphosis including intestinal remodeling,
gill, and tail resorption occur at climax. Adding low levels
of exogenous T4 to premetamorphic tadpoles reproduces0012-1606/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
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as added T3 causes early and late events to occur
simultaneously (Huang et al., 2001). Becker et al. (1997)
were the first to recognize the importance of the gene
encoding deiodinase II (D2) in the timing of metamor-
phosis of the bullfrog Rana catesbeiana. Since the thyroid
gland secretes mainly T4, the precursor of the active
hormone T3, the location of the enzyme D2 that converts
T4 to T3 plays a role in a tissue’s response to the
circulating precursor.
We demonstrate here that the constitutive expression of
D2 accurately marks tissues that respond to low levels of
TH during premetamorphosis. At the climax of metamor-
phosis, D2 is activated in some but not all late-responding
tissues just before they undergo TH-induced changes.Materials and methods
Raising tadpoles and in situ hybridization
Wild-type and albino X. laevis tadpoles were purchased
from Xenopus I or bred and raised in our facility. Staging of
Fig. 1. Constitutive localization of D2 mRNA expression in the embryonic
brain. Dorsal view of a whole-mount in situ hybridization of a stage 35
albino X. laevis embryo using a D2 probe. The scale bar is 1 mm. The solid
arrow is the otic vesicle; and the open arrows point to the brain ventricle.
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(1956). Two well-known inhibitors of TH synthesis and
metabolism were purchased from Sigma. Methimazole (1
mM) is a goitrogen that inhibits iodination of thyroglobulin
in the thyroid gland. Iopanoic acid (10 AM) inhibits all
deiodinases (Galton, 1989). These inhibitors were added
directly to the rearing water from 100-fold-concentrated
stock solutions. Thyroxine (T4) and 3,5,3V-triiodothyronine
(T3) were purchased from Sigma. The preparation of X.
laevis D2, thyroid-stimulating hormone a (TSHa), proopio-
melanocortin (POMC), thyroid hormone receptor a (TRa),
and retinoic acid-X-receptor a (RXRa) antisense RNA
probes for in situ hybridization has been described previ-
ously (Berry et al., 1998; Huang et al., 2001).
Whole-mount in situ hybridization was carried out by
the method of Thisse et al. (1993). Stage 35 albino
embryos were fixed in 4% paraformaldehyde overnight
and washed three times with 100% methanol on ice. Fixed
embryos were digested with 10 Ag/ml proteinase K for 20
min and refixed with 4% paraformaldehyde for 20 min
After prehybridization for more than 2 h, embryos were
hybridized at 65jC overnight with 1 ng/Al DIG-labeled D2
probe. Samples were blocked for 1 h with 2% horse serum
plus 2 mg/ml BSA dissolved in 0.1% Triton X-100 diluted
in PBS (PBT), and incubated with anti-DIG alkaline
phosphatase (AP)-conjugated Fab fragments (1:2000 dilu-
tion in the above blocking solution) overnight at 4jC.
Embryos were rinsed several times with AP buffer (100
mM Tris, pH 9.5; 50 mM MgCl2; 100 mM NaCl) and
developed in 2.25 Al/ml nitroblue tetrazolium chloride
(NBT), and 1.75 Al/ml 5-bromo-4-chloro-3-indolyl phos-
phate (BCIP), both diluted in AP buffer, until the purple
signal was visible. Images were taken under a Leica
stereomicroscope with a Spot RT camera.
Tadpole tissues were isolated and fixed in 4% parafor-
maldehyde at 4jC overnight for in situ hybridization and
immunostaining of sections. In situ hybridization followed
the previous procedure used in our laboratory (Berry et al.,
1998). Cryosections, 10-Am thick, were rinsed in PBS,
digested with 20 Ag/ml Proteinase K, and postfixed with
4% paraformaldehyde. After rinsing three times with PBS,
sections were incubated in 0.1M triethanolamine (TEA), pH
8.0 for 30 s, then TEA with 0.25% acetic anhydride for 10
min, followed by three washes with PBS. Hybridization was
carried out at 67jC overnight with 1 ng/Al DIG-labeled D2
probe. After washing in 5 SSC, 0.2 SSC, and Buffer B1
(0.1 M Tris, pH7.6 and 0.15 M NaCl), slides were blocked
with 10% horse serum in buffer B1, and incubated with the
DIG antibody overnight. The signal was developed with
NBT/BCIP, and the images were captured by a ProgRes
3012 scanning digital camera (Kontron Elektronik) from a
Zeiss Axioplan microscope.
Cell division was assayed by immunostaining of sections
with the antibody against phospho-histone-3 (PH3, Upstate
Biotechnology, Lake Placid, NY). Slides with 10-Am cry-
osections were rinsed with PBT three times for 15 min,blocked with 10% normal goat serum for 30 min, and
incubated with the primary antibody at a dilution of 1:300
at 4jC overnight. The slides were washed with PBT at least
three times for 15 min each and then incubated with the
fluorescence-conjugated secondary antibody for 30 min at
room temperature. Nuclei were counterstained with 0.5 Ag/
ml 4V,6-diamidino-2-phenilindole (DAPI) in 0.1% PBT.
Images were taken under a Nikon Eclipse E800 microscope
and an MTI RC300 digital camera.
In each group, at least six animals were used for whole-
mount immunostaining, in situ hybridization, or cryosec-
tions. Identical results were obtained for each individual
sample.Results
The constitutive expression of D2 marks the sites of early
TH-induced cell replication
Whole-mount in situ hybridization for D2 was carried
out in NF stage 35 albino embryos. The ventricular cells
lining the developing brain and the otic vesicles express D2
at high levels throughout tadpole development (Figs. 1 and
2A) and then cease at the climax of metamorphosis (Fig.
2B). During premetamorphosis of X. laevis, the ventricular
cells in the brain proliferate and give rise to new neurons.
Fig. 2. D2 expression and cell proliferation are colocalized in the tadpole brain. (A, C) Stage 53; (B, D) Stage 63. (A, B) D2 in situ hybridization. The scale bar
is 200 Am. (C, D) Sagittal sections immunostained for PH3 (red) and stained with DAPI (blue). Anterior is up and dorsal is right. Olf, olfactory lobe; Opt, optic
tectum; Pit, pituitary. The scale bar is 1 mm.
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D2. Most of this cell proliferation requires TH since it is
greatly reduced in animals grown in methimazole, and
stimulated by exogenous T3 (Figs. 3A,B) or T4 (Fig.
3D). We have demonstrated the importance of the consti-
tutive expression of D2 to TH-induced brain cell replication
with the aid of the deiodinase inhibitor iopanoic acid. The
addition of T4 stimulates DNA replication in the brain of
tadpoles grown in methimazole, but not those treated with
iopanoic acid (Figs. 3C,D). The cells that line the lumen of
the spinal cord (Fig. 4D) also can be induced to replicate
early by T4, and they express D2 constitutively (Fig. 4B).
Also, the induction of DNA replication by T4 in the spinal
cord is inhibited completely by iopanoic acid (Fig. 4A
compared to Fig. 4C). Thus, constitutive expression of D2
in the premetamorphosis tadpole is essential for TH-in-
duced cell proliferation in the nervous system by locally
converting T4 into T3.
As soon as the hind limb buds appear (NF stage 49),
they express D2 at high levels (Fig. 5). This expression
pattern is constitutive and not dependent upon endogenousTH since it occurs in tadpoles that are raised in the
presence of the goitrogen methimazole that inhibits TH
synthesis by the thyroid gland. In addition to D2, there is
strong constitutive expression of both TRa and RXRa in
limb buds (Fig. 5). As is the case with the brain and
spinal cord, both T4 and T3 induce limb growth and
development. Becker et al. (1997) demonstrated that
iopanoic acid inhibits the induction of limb growth by
T4 but not by T3. We have confirmed these findings in X.
laevis by short-term experiments (data not shown). Iron-
ically, X. laevis tadpoles grown throughout premetamor-
phosis in the continuous presence of iopanoic acid,
without any added hormone, develop to stage 59 (the
onset of climax) and then complete metamorphosis (data
not shown). This is explained by the fact that iopanoic
acid also inhibits deiodinase type III (D3), the enzyme that
inactivates TH, resulting in the accumulation of 10 times
the highest normal concentration of T4 at climax (data not
shown). T4 is itself a weak hormone that when present at
very high concentrations is capable of inducing metamor-
phic changes.
Fig. 3. Cell proliferation in the X. laevis brain is induced by T4 if there is D2 activity. Stage 53 tadpoles were treated with methimazole for several weeks to
eliminate endogenous TH then induced with hormone for 4 days. In all panels, blue is DAPI and red is PH3. A and B are sagittal sections; C and D are dorsal
views of brain whole mounts. (A) No TH; (B) 10 nM T3 showing cell division induced in the cells lining the ventricles; (C) iopanoic acid added 2 h before 3
re 1 mm.
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metamorphic changes
As metamorphosis enters climax, the early developmen-
tal events are completed, and the expression of D2 in brain
ventricles and the spinal cord ceases. Then, D2 mRNA is
up-regulated in the anterior pituitary within the same cells
that express thyrotropin (TSH), but not those that express
proopiomelanocortin (POMC; Huang et al., 2001; Fig. 6).
This expression of D2 completes the negative feedback loop
between the pituitary and the thyroid gland. Once D2 has
been activated at climax, the high levels of circulating T4
are metabolized to T3 in the cells that produce TSH. The
active hormone shuts down TSH synthesis, which in turn
reduces the production of TH by the thyroid gland (Huang
et al., 2001).
During the ensuing approximately 8 days of metamor-
phic climax (NF stages 59 to 66), the tail resorbs and the
intestine is remodeled. The D2 gene is not expressed in
nM T4; (D) 3 nM T4 for 4 days without iopanoic acid. All the scale bars athese tissues until metamorphic climax when the circulating
endogenous T4 is at its highest concentration. Then, there is
a dramatic up-regulation of D2 in the tail fibroblasts (Fig. 7)
just preceding tail resorption. The D2 expression drops as
the tail degenerates.
At the same time that D2 mRNA is up-regulated in the
tail, its expression rises specifically in the mesenchyme of
the intestine (Fig. 8). The appearance of D2 mRNA is seen
first at NF stage 61, peaks at stage 62, and decreases at stage
63 when intestinal remodeling has been completed. D2
expression can be induced prematurely in tail and intestinal
mesenchyme by adding exogenous TH to the rearing water
(data not shown). However, D2 is not a direct response target
of TH since induction of D2 mRNA takes about 3 days
(Huang et al., 2001). The appearance of D2 mRNA expres-
sion in these tissues coincides with their morphological
changes. The early TH response is cell division within cells
expressing D2. The late TH response is tissue degeneration
that occurs in the tail and intestine after the induction of D2.
Fig. 4. Cell proliferation in the X. laevis spinal cord is induced by T4 if there is D2 activity. Stage 51 tadpoles were pretreated with methimazole then induced
with hormone for 4 days. A, C, and D were doubly stained with DAPI (blue) and PH3 (red). A and C are whole mounts; B and D are the same cross section of
the spinal cord shown in C. (A) Iopanoic acid added 2 h before 3 nM T4; (B) D2 in situ hybridization; (C) 3 nM T4 without iopanoic acid. Scale bars: (A, C) 1
mm; (B, D) 200 Am.
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shown). During premetamorphosis, gills can be induced to
resorb at any time by low levels of T3 but not by T4. At the
climax of metamorphosis, the endogenous circulating T3 is
high enough to induce gill resorption.Discussion
The constitutive expression of D2 controls programs of
growth and differentiation
The thyroid gland is formed in a X. laevis tadpole
shortly after feeding begins and gradually produces in-
creasing amounts of T4, the precursor form of the hor-
mone, until the peak of hormone concentration is reached
at metamorphic climax (Leloup and Buscaglia, 1977). The
hormone precursor T4 circulates throughout the tadpole
(Regard et al., 1978) and is converted to T3 locally by the
intracellular enzyme D2. The enzyme D3, which removes
an iodine atom from the inner ring of the molecule,
inactivates T3 and T4. At metamorphic climax, most of
the circulating TH is T4 (Huang et al., 2001; Regard et al.,
1978), but whole body extracts have a concentration of T3
that is as high as that of T4 reflecting the efficient
intracellular conversion of T4 to T3.
Our experiments confirm and expand the findings of
Galton and her colleagues who first cloned D2 from the
bullfrog (Davey et al., 1995) and then described the expres-sion patterns of both D2 and D3 in tissue extracts of R.
catesbeiana during metamorphosis (Becker et al., 1997).
They concluded by enzymatic assays and Northern blot
analyses that D2 expression was highest in a particular
tissue at the time that it is undergoing maximal develop-
mental change. Furthermore, they confirmed that T4 had to
be converted to T3 to induce limb growth by demonstrating
that iopanoic acid inhibited the growth-inducing effects of
T4 but not T3. Becker et al. (1997) proposed a synergy
between the action of the two enzymes D2 and D3 when
they are expressed together in the same tissue. In X. laevis,
the expression patterns of D2 and D3 are very different.
Constitutive expression of D3 is detectable in stage 35
embryos exclusively in the dorsal margin of the retina
(Marsh-Armstrong et al., 1999). D3 activity persists in these
cells throughout tadpole growth, repressing TH-induced
DNA synthesis specifically in the dorsal marginal cells
while the adjacent ventral marginal cells, which do not
express D3, respond to TH by dividing and growing.
The majority if not all of the limb bud cells express D2
constitutively (Fig. 5). However, D2 expression in the brain
and spinal cord is restricted to the cells that line the
ventricles (Figs. 2–4). Only these cells are induced to divide
by TH (Figs. 3 and 4). As is the case with the local
expression of D3 in the dorsal retina, the expression of
D2 in the brain ventricular cells is already activated in
embryos (Fig. 1) long before the animal begins to synthesize
TH. The circulating levels of TH are so low in premeta-
morphic tadpoles that none of the published measurements
Fig. 5. Expression of D2, TRa, and RXRa mRNA (from left to right) in stage 52 hind limb buds. Cross sections containing hind limb bud are attached to the
body at the anterior level of the tail. The scale bar is 500 Am.
L. Cai, D.D. Brown / Developmental Biology 266 (2004) 87–9592recorded a value before NF stage 56 in X. laevis. Yet by
stage 56, limb buds have already differentiated into fully
developed limbs and new cells have been produced in the
brain and the spinal cord. These early events require TH.
The specific goitrogen methimazole effectively blocks TH
synthesis by the thyroid gland and inhibits DNA replication
in the brain ventricle and spinal cord (Figs. 3 and 4). Limbs
do not develop beyond a limb bud structure that is equiv-
alent in size and shape to that of a NF stage 52 tadpole evenFig. 6. Developmental expression of the D2 gene in the X. laevis pituitary. Sagittal
right) were doubly hybridized with D2 and POMC (upper row), and in adjacent se
express POMC and D2 or cells that express POMC and TSHh. The scale bar isafter months of growth in methimazole. The efficiency of
local D2 enzymatic activity in the limb bud was demon-
strated by the conversion of radioactive T4 to T3 in limb
buds at this early stage (Huang et al., 2001). The intracel-
lular localization of the enzyme D2 (Baqui et al., 2000) is
responsible for its highly local effects.
When D2 is blocked by iopanoic acid, T4 can no longer
stimulate DNA replication in the brain (Fig. 3), spinal cord
(Fig. 4), or limb bud. In addition to constitutive D2, limbsections of the pituitary region of the brain from stages 54, 60, and 64 (left to
ctions with TSHh and POMC (lower row). There is no overlap in cells that
200 Am.
Fig. 7. Developmental expression of D2 in the X. laevis tail at different stages during metamorphosis. The lower figure is an Haematoxylin and Eosin (HE)
stained section adjacent to the stage 63 section used for the in situ hybridization just above it. The scale bar is 1 mm.
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amounts of the constitutive thyroid receptor isoform TRa
and its heterodimeric partner RXRa. The response to TH of
both limb and brain requires the presence of functional TR
since transgenic tadpoles that express a dominant-negative
form of the TR have their TH-induced DNA replication
inhibited in both brain and limb buds (Schreiber et al.,
2001). The expression of D2 mRNA in the mammalian
neonatal brain like the tadpole brain is high in ventricular
cells (Guadano-Ferraz et al., 1997). The pattern and amount
of D2 activity in the rat brain correlates with periods of
development that are influenced by TH especially the 2
weeks after birth in the rat.
Although D2 and TRa are required for the early
response of limb and brain to TH, their presence may not
be the only factors that account for the extreme sensitivity
of these tissues to low levels of TH. Other molecules that
make up the functional TR-containing transcription com-
plex may be essential.The induced expression of D2 correlates with some but not
all remodeling and resorption programs
At the onset of climax, the expression pattern of D2
changes dramatically. The constitutive expression in the
brain ventricles ceases (Fig. 2), and D2 mRNA appears
for the first time in the anterior pituitary (Fig. 6; Huang et
al., 2001), the tail (Fig. 7), and the mesenchymal cells of the
intestine (Fig. 8). In each case, the appearance of D2
immediately precedes major TH-induced developmental
changes. The up-regulation of D2 expression in the anterior
cells of the pituitary completes the negative feedback loop
(Huang et al., 2001; Fig. 6). Even the high circulating
concentration of T4 at climax cannot down-regulate TSH
synthesis. However, once D2 is activated, TSH expression
decreases, which in turn lowers the production of TH by the
thyroid gland. In mammals, D2 helps to maintain a constant
level of TH, but the regulation of D2 expression is the
opposite of X. laevis. TH represses expression of D2 in the
Fig. 8. Developmental expression of D2 in the small intestine at different stages during the metamorphic climax. The lower figures are HE-stained sections
adjacent to the in situ hybridized sections just above them. The scale bar is 200 Am.
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while hypothyroid mammals express high levels of D2 in
their pituitaries (Croteau et al., 1998). The regulation of D2
levels in adult frogs has not been studied, but the situation is
unique in the pituitary of a developing tadpole where TSH
production by the pituitary is insensitive to high levels of
TH until climax when D2 is up-regulated. This delay in D2
up-regulation enables the circulating concentration of T4 to
rise to levels needed to complete the final events of
metamorphosis (Huang et al., 2001).
Both D2 and D3 play a role in tail resorption. D3 is
expressed at a low level in the tail throughout tadpole
growth (Wang and Brown, 1993), undoubtedly contributing
to the resistance of the tail to all but the highest concen-
trations of TH. As the tadpole nears climax, D3 is down-
regulated and D2 is up-regulated (Fig. 7). The combination
of these two events ensures the highest concentration of the
active form of the hormone T3. The up-regulation of D2 in
the mesenchyme of the intestine (Fig. 8) just precedes the
dramatic remodeling that will take place. Ishizuya-Oka and
Shimozawa (1992) have demonstrated that mesenchyme
induces the epithelium to change at metamorphosis. Pre-
sumably, the mesenchyme is a direct target of TH in the
intestine. Our own studies (Schreiber and Brown, unpub-
lished data) have found evidence for cell–cell interaction in
both directions between the epithelium and mesenchyme of
the intestine.
The gills resorb at metamorphic climax at the same time
as intestinal remodeling and slightly before tail resorption.
During tadpole growth and metamorphosis, the gills never
express D2. We view the gills as an internal monitor of the
endogenous circulating T3. The addition of 10 nM T4, an
amount equal to the peak endogenous concentration of T4
that is reached at metamorphic climax, does not induce gill
resorption. Yet, the gills are very sensitive to low levels of
added T3. Since gills cannot convert T4 to T3, theirresorption depends upon circulating T3. The T3 concentra-
tion in the bloodstream is high enough at climax to induce
gill resorption. Becker et al. (1997) pointed out that liver,
which undergoes major changes at metamorphosis in the
bull frog, also does not express D2 and therefore must rely
on the elevated circulating T3 at metamorphic climax.
The precise expression pattern of deiodinases, enzymes
that regulate the local concentration of the active hormone
T3, is an elegant but simple method to control the timing
of developmental events in metamorphosis. The separate
roles of D2 and D3 in controlling the local concentration
of the active hormone T3 have been demonstrated at the
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